In experiments to assess the in vitro impact of the candidate microbicides nonoxynol 9 (N-9), C31G, and sodium dodecyl sulfate (SDS) on human immune and epithelial cell viability, cell lines and primary cell populations of lymphocytic and monocytic origin were generally shown to be equally sensitive to exposures ranging from 10 min to 48 h. However, U-937 cells were more sensitive to N-9 and C31G after 48 h than were primary monocyte-derived macrophages. Cytokine activation of monocytes and lymphocytes had no effect on cell viability following exposure to these microbicidal compounds. Primary and passaged vaginal epithelial cultures and cell lines differed in sensitivity to N-9 and C31G but not SDS. These studies provide a foundation for in vitro experiments in which cell lines of human immune and epithelial origin can be used as suitable surrogates for primary cells to further investigate the effects of microbicides on cell metabolism, membrane composition, and integrity and the effects of cell type, proliferation, and differentiation on microbicide sensitivity.
The increase in human immunodeficiency virus type 1 (HIV-1) transmission, particularly in developing countries of sub-Saharan Africa and Asia (30) , continues to challenge the global efforts to control the AIDS epidemic. Although male and female condoms can lower the risk of transmission (3, 31) , universal acceptance of these mechanical barrier methods may be difficult to achieve (11, 32) . An alternative strategy for controlling heterosexual HIV-1 transmission is the development and deployment of broad-spectrum, low-toxicity, femalecontrolled, low-cost microbicidal agents for topical vaginal use against infection by HIV-1 and other sexually transmitted disease (STD) pathogens. Nonoxynol 9 (N-9), a spermicidal ingredient in common over-the-counter contraceptive products, has been tested as a microbicide in phase III clinical trials. However, its future as a microbicide is in question, due to its dose-dependent toxicity (27, 28) , proinflammatory effects (13) , and apparent lack of in vivo efficacy against HIV-1 transmission (8, 27) . As a consequence, investigations are being directed toward discovery and development of numerous second-generation microbicidal agents. Experimental efforts reported herein have focused primarily on characterization of two potential microbicides, C31G (6, 10, 20, 29) and sodium dodecyl sulfate (SDS), which have in vitro activity against STD pathogens, including HIV-1 and herpes simplex virus type 2 (16, 21, 22, 25) . In addition, SDS is an attractive candidate microbicide due to its lower cytotoxicity (16, 20, 21) and ability to inactivate papillomaviruses (16, 17, 22) .
The ideal vaginal microbicide must have in vivo activity against HIV-1 and other STD pathogens as well as a differential effect on the viability of human cells and tissues encountered during use as a topical agent. On the one hand, the ideal agent should be effective against incoming cells infected by STD pathogens. Specifically, microbicides that effectively reduce or eliminate the risk of HIV-1 transmission must kill HIV-1-infected immune cells (T cells, monocytes, and macrophages) as well as inactivate cell-free virions. On the other hand, topical microbicides must have minimal or no impact on the viability, function, and structural integrity of the vaginal and cervical epithelium. Although preclinical, in vitro assays of immune and epithelial cell sensitivity to candidate microbicides are necessary steps in the development of a potential microbicide, in vitro assays may fail to predict a compound's in vivo activity (4, 33) . One approach previously thought to be a necessary prerequisite for defining the fidelity of in vitro assays was the use of tissues or cells of primary human origin to test candidate microbicides (1, 15) . However, compared to available human immune and epithelial cell lines, primary tissues and cells are more difficult to acquire and isolate, less convenient and more expensive to maintain, potentially contaminated with unwanted cell populations, and prone to donorspecific variation. These studies compare the sensitivity of primary cells and cell lines of human immune and vaginal epithelial origins to three vaginal microbicide candidates: N-9, C31G, and SDS. The investigations reported herein demonstrate that primary cells and cell lines of immune origin are generally similar with respect to their in vitro sensitivity to each agent. In contrast, primary vaginal keratinocyte cultures and cells of an immortalized vaginal epithelial cell line differ with respect to their sensitivity to N-9 and C31G but not to SDS.
Cells of the SupT1 T-cell line and primary human T lymphocytes are similar with respect to short-and long-term sensitivity to candidate microbicides. Cells of the SupT1 T-cell line (ATCC CRL-1942) were assessed for their sensitivity to N-9, C31G, or SDS exposure (Fig. 1) . Immediately following in vitro exposure to each agent for 10 min, 2 h, 8 h, or 48 h, cell viability was determined using an MTT assay (24) as described earlier (20, 21) . After a 10-min exposure (Fig. 1A) , SupT1 cells were equally sensitive to N-9 (CC 50 ϭ 0.0087%, where CC 50 is the microbicide concentration at which cell viability is reduced by 50% relative to that of mock-exposed cells) and SDS (CC 50 ϭ 0.0093%, P ϭ 0.1152 in comparison of N-9 and SDS; statistical analyses were performed using the PROC REG procedure in SAS [SAS, Cary, N.C.] and P values were calculated based on the Wald statistic) but were more sensitive to C31G (CC 50 ϭ 0.0038%; N-9 versus C31G, P Ͻ 0.0001; and SDS versus C31G, P Ͻ 0.0001). C31G cytotoxicity increased after a 2-h exposure (CC 50 ϭ 0.0016%), in contrast to the cytotoxic effects of N-9 or SDS, which changed little during this interval (CC 50 Ϸ 0.0078%) relative to results obtained after a 10-min exposure (Fig. 1B) . Following an 8-h exposure, cells were clearly more sensitive to N-9 than to SDS (Fig. 1C) . By 48 h (Fig. 1D ), C31G and N-9 were similarly cytotoxic (CC 50 ϭ 0.0009 and 0.0008%, respectively; P ϭ 0.0401 in comparison of C31G and N-9) and more cytotoxic than SDS (CC 50 ϭ 0.002%; N-9 versus SDS, P Ͻ 0.0001; and C31G versus SDS, P Ͻ 0.0001).
Similar experiments were performed using primary T lymphocytes ( Fig. 2) (5) . Results obtained after each exposure were almost identical to those obtained after experiments using SupT1 cells. The single exception to this observation was that N-9, C31G, and SDS resulted in similar, concentrationdependent reductions in primary T-cell viability after a 10-min exposure ( Fig. 2A compared to Fig. 1A ). Collectively, results of experiments using human cells of T-lymphocyte origin indicate that primary T cells and T-cell lines are very similar in their sensitivity to N-9, C31G, or SDS.
U-937 monocytic cells and primary human monocyte-derived macrophages (MDMs) exhibit little difference in sensitivity to microbicide exposure. In vitro sensitivity to N-9, C31G, or SDS was also examined using cells of the U-937 human monocytic cell line (ATCC CRL-1593.2). In these experiments, the cytotoxic activity of N-9 was more similar to C31G than to SDS after all four exposure durations (Fig. 3) . The greater cytotoxicity of C31G (CC 50 ϭ 0.0005%) and N-9 (CC 50 ϭ 0.0006%) than of SDS (CC 50 ϭ 0.0043%; N-9 versus SDS, P Ͻ 0.0001; and C31G versus SDS, P Ͻ 0.0001) was most pronounced after a 48-h exposure (Fig. 3D) . on September 7, 2017 by guest http://aac.asm.org/ Similar experiments were used to test the sensitivity of primary human MDM cultures to the three vaginal microbicide candidates (Fig. 4) . These cells were isolated from Ficoll-fractionated donor peripheral blood mononuclear cells by differential adhesion and size sedimentation and were subsequently cultured for 14 days before use (14) . Differences in the viability of primary MDMs exposed to N-9, C31G, or SDS were not as great as those observed with the U-937 cells. However, a difference in sensitivity was observed between MDMs and U-937 cells after a 48-h exposure. MDMs (Fig. 4D) were almost 1 log less sensitive to N-9 (CC 50 ϭ 0.0036%, P Ͻ 0.0001) and to C31G (CC 50 ϭ 0.0018%, P Ͻ 0.0001) than were U-937 cells after the same exposure, suggesting differences between monocytic cell lines and primary cells relevant to their sensitivity to N-9 and C31G.
Cytokine stimulation has no apparent impact on T-cell and monocytic cell line sensitivity. Primary T cells and MDMs used in the preceding studies were cultured in the presence of interleukin 2 (20 U/ml) and phytohemagglutinin (PHA, 2.5 g/ ml) or granulocyte-macrophage colony-stimulating factor (GM-CSF, 40 U/ml) and M-CSF (M-CSF, 100 U/ml), respectively. In studies of HIV-1 infection, these extracellular factors have been used to activate primary immune cells and enhance viral replication (19) . To determine if cytokine stimulation influenced primary cell sensitivity to microbicide exposure and affected the comparisons between cell lines and primary cells, SupT1 and U-937 cells were cultured under conditions identical to those for their respective primary cell counterparts and were assessed for microbicide sensitivity after a 10-min or 48-h exposure (Fig. 5) . Comparisons of these results with those obtained using unstimulated cells (Fig. 1 and 3 ) demonstrated that stimulation of either cell line had no effect on the sensitivity to N-9, C31G, or SDS exposure.
Primary and passaged epithelial cultures and cell lines differ in sensitivity to some microbicides. Assessments of in vitro microbicide cytotoxicity should also include experiments using vaginal and cervical epithelial cells. Human vaginal keratinocyte (HVK) cultures, described in previous studies (20) , were compared to immortalized VK2/E6E7 vaginal epithelial cells (12) and HeLa cells (human cervical carcinoma; ATCC CCL-2) in experiments using N-9, C31G, and SDS (Fig. 6) . After 48 h (Fig. 6A) , primary HVKs were considerably more sensitive to N-9 (CC 50 ϭ 0.0002%) than to C31G (CC 50 ϭ 0.0007%, P Ͻ 0.0001) or to SDS (CC 50 ϭ 0.0008%, P Ͻ 0.0001). In similar experiments using tertiary HVKs (passaged twice after isolation), the differences between N-9, C31G, and SDS were reduced (Fig. 6B) . In contrast to the primary HVKs, VK2/E6E7 cells (Fig. 6C) were more sensitive to C31G (CC 50 ϭ 0.0001%) than to N-9 (CC 50 ϭ 0.0005%, P Ͻ 0.0001) or to SDS (CC 50 ϭ 0.0005%, P Ͻ 0.0001). HeLa cells were also considerably more sensitive to N-9 than to SDS (Fig. 6D) . However, unlike the HVKs or vaginal cell line, HeLa cells demonstrated a level of C31G cytotoxicity intermediate between those observed for N-9 and SDS.
Concluding comments. These studies demonstrate that there are more similarities than differences when primary cells and cell lines of immune origin are compared with respect to in vitro sensitivity to N-9, C31G, or SDS. Primary T cells and SupT1 cells were particularly similar in assays of microbicide cytotoxicity ranging from 10 min to 48 h. Stimulation of lym- phocytic cells with activation agents did not appear to affect their sensitivity to microbicide exposure. Similarly, the sensitivity of U-937 cells after stimulation by GM-CSF and M-CSF was unaltered relative to either unstimulated U-937s or primary MDMs. However, the experiments did pinpoint some interesting differences between the monocytic U-937 cells and MDMs. Although primary MDMs and U-937 cells were similarly sensitive to N-9, C31G, or SDS during exposures up to 8 h, there was a substantial difference between these two cell populations after longer exposure. Interestingly, after 48 h, U-937 cells were more sensitive than their primary counterparts to N-9 or C31G. Sensitivity to SDS also appeared to be affected (albeit to a lesser extent). Differences in microbicide sensitivity between these two cell populations may be attributed to changes that accompany the process of differentiation from monocytes to macrophages, particularly those associated with the structure and function of the cellular membrane (including altered morphology, cessation of proliferation, increased capacity for phagocytosis and adherence to plastic, changes in the expression of proteins involved in lipid metabolism, and alterations in membrane-associated protein expression) (2). Differentiation and cell growth rates, as well as culture heterogeneity and the extent of cellular keratinization, may have also impacted observed epithelial cell sensitivity, as demonstrated by experiments using primary HVK cultures and the VK2/E6E7 cell line. The results presented in Fig. 6 suggest that epithelial cells become less sensitive to N-9 and more sensitive to C31G with the transition from primary cell to passaged cell to immortalized cell line. Similar changes in sensitivity accompanying cellular differentiation and extensive passaging were observed in studies of 7 ␤-hydroxycholesterol cytotoxicity, in which primary rat liver epithelial cells and early-passage cells were less sensitive to 7 ␤-hydroxycholesterol than the highpassage rat liver cell line (23) . Since VK2/E6E7 cells divide at a higher rate than cells in the primary (or tertiary) HVK cultures (data not shown), results observed in long-term assays, such as those illustrated in Fig. 6 , might also be influenced by altered sensitivity during progress through the cell cycle. However, the rank order of VK2/E6E7 cell microbicidal sensitivity to N-9, C31G, and SDS after a 2-h exposure (data not shown) was similar to that observed after 48 h (Fig. 6C) , suggesting that the relative cytotoxicity of N-9, C31G, and SDS was not influenced by differences in cell division rates between the primary HVK cultures and the VK2/E6E7 cells. Finally, primary HVK cultures, which contain fibroblasts as well as epithelial cells, may differ in sensitivity from the VK2/E6E7 cell line because of nonepithelial cell types in the heterogeneous primary cell population. Tertiary HVKs may be more similar in sensitivity to the VK2/E6E7 cells since the HVK cultures are enriched for epithelial cells by successive passages in serumfree media (data not shown). To address concerns that the MTT assay may have enhanced or attenuated the observed differences in epithelial cell sensitivity, HeLa cell sensitivity to C31G exposure was assessed by MTT assay and was compared to results obtained using the CellTiter 96 proliferation assay FIG. 5 . Stimulation of immune cell lines does not appreciably change their sensitivity to N-9, C31G, or SDS. SupT1 cells stimulated with PHA (2.5 g/ml) and interleukin 2 (20 U/ml) for 24 h were exposed to N-9, C31G, or SDS for 10 min (A) or 48 h (B) and were subsequently assayed for viability as described. Similarly, U-937 cells were treated with GM-CSF (40 U/ml) and M-CSF (100 U/ml) for 24 h and were exposed to N-9, C31G, or SDS for 10 min (C) or 48 h (D).
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on September 7, 2017 by guest http://aac.asm.org/ (Promega; uses the tetrazolium salt MTS) and the CellTiterGlo viability assay (Promega; chemiluminescently detects ATP released from viable cells). Results using all three assays were identical (data not shown), suggesting that differences between primary epithelial cells and cell lines were unrelated to the assay used to assess sensitivity. Studies are now under way to assess the impact of candidate microbicides on cell viability and function using other measures, including the induction and release of cytokines following microbicide exposure. An objective of these studies was to demonstrate the suitability of human cell lines for use in in vitro assays of microbicide cytotoxicity. Similar concerns have been raised in investigations of alternative methods to evaluate anticancer drugs. In experiments that explored the use of the MTT assay to evaluate the sensitivity of lung tumors to chemotherapeutic treatment, no differences in chemosensitivity between cancer cell lines and primary cell populations prepared from clinical lung tumor samples were observed (7) .
The process of discovery and development of agents for use as microbicides effective against HIV-1 would be greatly facilitated by the availability of in vitro models and systems that more accurately predict in vivo efficacy. In vitro models should accurately predict not only the cytotoxicity of each agent relative to other microbicides but also the concentration that may be tolerated in vivo. Our investigations indicate that assays of in vitro cytotoxicity using established cell lines can be used to rank the relative cytotoxicity of vaginal microbicide products. In addition, experiments in progress suggest a correlation between rank orders of cytotoxicity demonstrated in vivo and in vitro. However, present in vitro assays using submerged cultures of single-cell populations cannot be used to accurately gauge concentrations that may be used safely in vivo, since these assays do not take into consideration physicochemical properties of the vehicle and elements of the vaginal and cervical environment, including the three-dimensional epithelial tissue structure, cervical mucus, vaginal fluid, semen, and changes in pH, that may alter microbicide cytotoxicity in vivo.
The need for better preclinical screening methods is illustrated by the historical evolution of N-9, which was shown to be an effective virucidal agent in vitro (18, 21) but appears to be ineffective against HIV-1 in vivo (8, 27 ) and detrimental to the user (26, 28) . Although presently available in vivo models, including the tissue explant systems (1, 9, 15) and the human tissue xenograft model (16) , can be used to factor the impact of the stratified vaginal epithelial structure into studies of microbicide cytotoxicity, these assays may be limited in scale by tissue sample size and availability. In vitro methodologies using readily available cell lines are better suited to reproducibly screen large numbers of agents for cytotoxicity as well as for effectiveness against HIV-1-infected cells of immune origin. These techniques could also be used to assess the effect of cervical fluid and vaginal mucus on microbicide concentrations that are tolerable in vivo. The studies described above provide a foundation for the development of in vitro screening methods using cell lines of immune and epithelial origin. 
